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HIGHLIGHTS 


►  Novel  preparation  of  self-supported  and  nano-structured  NPMCs  for  ORR. 

►  An  onset  potential  of  0.905  V  vs.  RHE  and  nearly  four-electron  ORR  pathway. 

►  Effects  of  ferrous  species  in  precursors  on  the  final  catalysts  explored. 

►  Onset  ORR  potentials  increasing  with  the  initial  Fe  content  from  0  to  3.0  wt.%. 
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Non-precious  metal  catalysts  (NPMCs)  for  the  oxygen  reduction  reaction  (ORR)  are  an  active  subject  of 
recent  research  on  proton  exchange  membrane  fuel  cells.  In  this  study,  we  report  a  new  approach  to 
preparation  of  self-supported  and  nano-structured  NPMCs  using  pre-prepared  polyaniline  (PANI) 
nanofibers  as  both  nitrogen  and  carbon  precursors.  The  synthesized  NPMCs  possess  nanoworm  struc¬ 
tures  preserved  from  the  PANI  precursor  and  exhibit  high  onset  potential  of  0.905  V  vs.  RHE  and  selective 
activity  of  nearly  four-electron  ORR  pathways.  A  significant  enhancement  in  the  intrinsic  activity  and 
onset  potential  for  the  ORR  is  observed  when  the  Fe  content  in  the  precursor  is  increased  from  0  to 
3.0  wt.%,  while  further  addition  to  10.0  wt.%  results  in  a  decrease  in  the  catalytic  activity. 

Crown  Copyright  ©  2012  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Insufficiently  active  catalysts  for  the  oxygen  reduction  reaction 
(ORR)  have  long  been  regarded  as  the  major  impediment  to  the 
commercialization  of  polymer  exchange  membrane  fuel  cells 
(PEMFCs)  [1,2].  The  state-of-the-art  cathode  catalysts  for  PEMFCs 
are  based  on  platinum  and  its  alloy  nanoparticles,  which  are 
suffering  from  the  prohibitive  cost  and  limited  resources.  Great 
efforts  have  been  devoted  to  reduction  or  substitution  of  the 
precious  metals  in  the  catalysts.  The  development  of  non-precious 
metal  catalysts  (NPMCs)  is  one  of  the  most  active  subjects  of  this 
area  [3-5]. 
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A  few  types  of  NPMCs  are  under  extensive  development  for 
PEMFC  applications,  including  non-pyrolyzed  transition  metal 
nitrogen-containing  complexes  [6],  carbon-supported  transition 
metal/nitrogen  materials  [7],  metal  oxide/carbide/nitride  materials 
[8],  enzymatic  compounds  [9],  and  others.  Among  these  NPMCs, 
the  carbon-supported  transition  metal/nitrogen  (M-Nx/C,  M  =  Co, 
Fe,  Ni,  etc.)  materials  are  of  particular  interest.  The  M-Nx/C  based 
catalysts  have  been  under  development  for  decades  since  the  work 
by  Jasinski  [10]  and  Yeager  [11].  Significant  improvement  of  both 
the  catalytic  activity  and  stability  has  been  achieved  by  a  pyrolytic 
treatment  of  the  transition  metal-containing  macrocycle 
compounds  at  typical  temperatures  of  500-1000  °C  in  an  inert  gas 
atmosphere.  It  was  believed  from  the  earlier  years  that  the  mac¬ 
rocycle  compounds  as  the  precursor  were  essential  for  the  catalytic 
activities  towards  ORR.  This  understanding  was,  however,  not 
completely  true,  as  Gupta  et  al.  [11]  demonstrated  that  active 
NPMCs  could  also  be  prepared  by  pyrolyzing  polyacrylonitrile 
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(PAN),  iron  salt  and  VulcanXC-72  carbon  black  under  Ar.  Since  then, 
a  variety  of  combinations  of  simple  metal,  nitrogen  and  carbon 
precursor  materials  have  been  investigated  to  replace  the  often- 
expensive  macrocycles  [12]. 

The  nitrogen  precursors  can  be  many  kinds  of  nitrogen  con¬ 
taining  chemicals  or  even  NH3.  As  an  example,  nitrogen  containing 
conducting  polymer  proves  a  good  nitrogen  precursor  to  create 
catalytically  active  sites  of  the  M-N X/C  catalysts  [13,14].  The  char¬ 
acteristic  feature  of  thus  prepared  NPMCs  under  an  inert  atmo¬ 
sphere  of  Ar  or  N2  during  the  heat-treatment,  in  general,  results  in 
more  stable  catalysts.  For  example,  Bashyam  and  Zelenay  [6] 
synthesized  NPMCs  with  polypyrrole  (PPy)  as  the  nitrogen  source 
with  improved  performance  durability,  while  Wu  et  al.  [7,13,15,16] 
pyrolyzed  polyaniline(PANI)/C-Fe(Co)  complex  and  obtained 
catalysts  with  an  enhanced  activity  and  performance  stability. 
When  NFI3  was  used  as  the  nitrogen  precursor,  the  activity  of 
prepared  catalyst  was  generally  higher  though  the  stability  would 
be  decreased  [17].  Lefevre  et  al.  [2]  synthesized  very  active  NPMCs 
utilizing  NH3  as  the  nitrogen  precursor,  however  with  a  fast 
performance  degradation.  Other  nitrogen  sources  including 
graphitic  C3N4  [18],  polyacrylonitrile  (PAN)  [19]  and  ethylenedi- 
amine  (EDA)  [20]  have  also  been  employed  to  prepare  NPMCs. 

In  terms  of  carbon  precursors,  high  specific  surface  area  carbon 
supports  (carbon  blacks  or  nanotubes)  were  typically  used  to 
support  and  facilitate  the  formation  of  the  catalytically  active  sites 
[21  ]  when  NFI3  and  metal-containing  inorganic  salts  were  employed 
as  nitrogen  and  metal  precursors,  respectively  [2,22].  Not  only  were 
the  carbon  supports  functioning  as  carbon  precursors  but  also 
facilitating  to  achieve  a  porous  structure  of  the  NPMCs.  In  cases 
where  nitrogen/carbon-containing  polymers  were  used  as  nitrogen 
precursors  [16],  the  incorporation  of  carbon  supports  was  primarily 
for  the  purpose  of  optimizing  the  porous  structure  of  final  catalyst. 
As  recently  reported  the  carbon  phase  derived  from  these  polymers 
themselves  was  capable  of  hosting  a  significant  number  of  active 
sites  [7].  In  other  words,  a  supplementary  carbon  source  might  have 
diluted  the  active  sites,  which  in  turn  would  have  resulted  in  the  low 
active  site  density  of  the  FexN-based  catalysts.  From  synthetic  points 
of  view,  NPMCs  prepared  without  using  additional  carbon  supports, 
i.e.  the  self-supported  NPMCs,  might  have  a  higher  active  site 
density  and  better  catalytic  activity  as  long  as  the  morphologies  and 
porous  structures  of  the  carbon  phases  derived  from  the  carbon- 
nitrogen-containing  precursors  could  be  somehow  tailored. 

Following  this  consideration,  we  have  noticed  that  the  nano¬ 
structures  of  some  PANIs  could  be  preserved  after  the  heat- 
treatment  under  certain  conditions,  as  reported  by  Zhu  et  al.  [23] 
and  other  researchers  [24,25].  Stimulated  by  this  idea  along  with 
the  fact  that  PANI  as  a  conducting  polymer  has  been  extensively 
studied  as  a  nitrogen  precursor  for  preparation  of  NPMCs  with  high 
ORR  activity,  we  proposed  here  a  new  approach  to  preparation  of  the 
self-supported  FexN-based  NPMCs  by  employing  nano-structured 
PANI  as  both  the  nitrogen  and  carbon  precursors  aiming  at  preser¬ 
vation  of  the  nanostructures  of  the  precursors.  Although  some 
indirect  methods  have  been  reported  such  as  the  use  of  foaming 
agents  (FeC204)  [26]  or  silica  hard  template  [27],  to  the  best  of  our 
knowledge,  this  is  the  first  time  to  explore  the  synthesis  of  self- 
supported  NPMCs  with  tailored  nanostructures  by  means  of 
controlling  the  morphologies  and  structures  of  the  precursors. 

Besides,  there  was  another  important  motivation  for  the  present 
work.  It  is  well  known  that  the  promotional  effect  of  transition 
metals  in  the  precursor  on  the  ORR  activity  is  not  unambiguously 
understood.  Dodelet  et  al.  [2,28]  claimed  that  the  ORR  active  sites 
involved  the  metal  species,  while  other  researchers  [29,30]  sug¬ 
gested  that  the  transition  metal  species  just  played  a  role  in  the 
formation  of  active  sites  either  by  catalyzing  the  doping  of  nitrogen 
atoms  into  carbon  or  electronically  changing  the  reactive 


environment.  As  the  molecular  structures  of  the  precursors  were 
destroyed  during  the  heat-treatment,  leading  to  highly  heteroge¬ 
neous  products,  it  was  not  straightforward  to  conclude  the  effect. 
Flerein  we  tried  to  find  some  clues  to  clarify  this  issue  in  association 
of  the  synthesis  of  the  self-supported  NPMCs.  First  of  all,  the  PANI 
as  the  nitrogen  and  carbon  precursor  was  ex-situ  polymerized.  The 
un-reacted  monomers  and  other  reactants  or  byproducts,  which 
otherwise  would  be  present  during  the  following  synthesis  of  the 
NPMCs,  were  removed,  i.e.  the  synthesized  PANI  was  collected, 
purified  and  used  for  the  catalyst  synthesis.  By  doing  so,  the 
constituents  of  the  catalyst  precursor  were  well  defined  and  the 
initial  metal  content  in  the  precursor  could  be  precisely  controlled 
in  this  work.  Besides,  no  additional  carbon  supports  were  added 
and  therefore  the  possible  contamination  of  metallic  impurities 
from  the  carbon  blacks  was  avoided. 

2.  Experimental 

2.1.  Synthesis  of  polyaniline  (PANI) 

PANI  nanofibers  were  synthesized  according  to  a  procedure 
described  previously  with  minor  modifications  [31  ].  Aniline  was 
distilled  twice  before  use.  All  other  chemicals  were  of  analytical 
grade  and  used  without  further  purification.  Typically,  1.9  ml  of 
freshly  distilled  aniline  was  dissolved  in  100  ml  of  the  1  M  doping 
acid  while  5.7  g  of  ammonium  peroxydisulfate  (APS)  was  dissolved 
separately  in  100  ml  of  the  1  M  doping  acid.  Then,  the  APS  solution 
was  added  quickly  to  the  above  aniline  mixture  solution.  It  gave  an 
aniline  to  APS  molar  ratio  of  1 :1.25.  Two  types  of  doping  acids,  p- 
Toluenesulfonic  Acid  (PTSA)  and  HC1,  were  attempted  and  the 
resultant  polymers  were  hereafter  referred  to  as  PANI-1  and  PANI- 
2,  respectively.  After  that,  a  2  ml  of  aqueous  sodium  hypochlorite 
(5  wt.%)  solution  was  added  under  agitation.  At  last,  the  reaction 
vessel  was  left  without  stirring  for  25  min.  To  illustrate  the  effect  of 
APS  on  the  PANI  synthesis,  another  batch  of  PANI  was  prepared 
with  HC1  as  the  doping  acid  while  the  molar  ratio  of  aniline  to  APS 
was  kept  to  be  4:1  (by  adding  1.14  g  APS  instead  of  5.7  g).  Thus 
synthesized  polymer  was  referred  to  as  PANI-3.  The  precipitated 
PANI  polymer  was  filtered,  washed  sequentially  with  the  doping 
acid,  deionized  (DI)  water,  and  acetone,  finally  followed  by  drying 
at  80  °C  overnight.  The  average  diameter  for  different  sample  was 
obtained  by  measuring  the  sizes  of  about  100  randomly  chosen 
particles  in  several  magnified  SEM  images  for  each  sample,  while 
the  average  length  was  determined  by  measuring  sizes  of  about  50 
particles  with  well-defined  dimensions. 

2.2.  Catalyst  preparation 

The  precursor  suspension  was  prepared  by  adding  a  certain 
amount  of  FeCb  into  a  dispersion  of  the  PANI  (400  mg)  in  200  ml  DI 
water.  The  mass  content  of  Fe  as  expressed  as  Fe/(Fe  +  PANI)  was  0, 
0.3,  0.5,  1.0,  3.0,  5.0  and  10.0  wt.%,  respectively.  The  resulting 
suspension  was  stirred  and  ultrasonically  blended  for  12  h,  followed 
by  drying  at  80  °C  for  24  h.  Finally,  the  precursor  powder  was 
grounded  and  transferred  to  a  quartz  boat  and  heat-treated  at  900  °C 
for  1  h  under  a  flow  rate  of  100  ml  min-1  of  N2  in  a  horizontal  quartz 
tube  furnace.  Before  starting  the  heat-treatment,  the  horizontal 
quartz  tube  was  evacuated  and  purged  with  nitrogen  twice  to  remove 
traces  of  oxygen.  The  furnace  used  was  slidable  which  could  achieve 
fast  heating  and  cooling  with  well  defined  durations  of  the  heat- 
treatment.  The  furnace  was  heated  at  the  temperature  ramping  rate 
of  15  °C  min-1  and  cooled  under  N2  from  900  °C  to  60  °C  in  ca.  3  min. 
After  cooling,  the  catalyst  was  ground  again  and  leached  in  0.5  M 
FI2SO4  at  80  °C  for  8  h  to  remove  any  dissolvable  species,  followed  by 
washing  with  DI  water  and  drying  at  80  °C  under  vacuum.  The  finally 
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obtained  catalyst  was  denoted  as  XFe-PANI-L.  In  a  few  occasions  the 
obtained  catalysts  were  not  subject  to  the  acid  leaching  process  and 
hereafter  referred  to  as  XFe-PANI.  In  these  abbreviations  X  is  the 
initial  Fe  mass  content  in  the  precursor. 

2.3.  Electrochemical  measurement 

Electrochemical  measurements  were  conducted  using  PARSTAT 
273  advanced  electrochemical  system.  A  catalyst  ink  was  prepared  by 
dispersing  10  mg  of  the  catalyst  powder  ultrasonically  in  a  mixture 
solution  containing  95  pL  Nation  (5  wt.%)  solution  and  570  pL  ethanol. 
The  catalyst  film  coated  electrode  was  obtained  by  dispersing  the 
catalyst  ink  on  a  glassy  carbon  rotating  disk  electrode  (RDE)  followed 
by  drying  in  air.  The  catalyst  loading  of  0.6  mg  cm-2  for  NPMC  was 
used  in  this  work.  A  conventional  three-electrode  cell  was  employed 
incorporating  a  saturated  calomel  electrode  (SCE)  as  the  reference 
electrode,  a  Pt  foil  as  the  counter  electrode  and  the  catalyst  film  coated 
RDE  as  the  working  electrode.  The  electrolyte  was  an  H2SO4  solution 
of  pH  1  for  NPMCs  and  an  HCIO4  solution  of  pH  1  for  Pt/C  [32].  RDE 
measurements  were  conducted  by  liner  sweep  voltammetry  (LSV)  at 
different  rotating  speeds  from  250  to  2500  rpm.  The  LSV  was  carried 
out  in  the  H2S04  solution  first  saturated  with  02  and  then  with  N2.  The 
ORR  current  (i’orr)  was  determined  by  subtracting  the  current 
measured  in  the  N2  saturated  solution  from  that  in  the  02  saturated 
solution.  The  onset  ORR  potentials  were  defined  as  the  electrode 
potential  at  the  i'orr  =  3  pA  cm-2.  For  comparison,  the  ORR  data  of  the 
commercial  Pt/C  catalyst  (20  wt.%,  E-TEK)  with  a  loading  of 
40  pgpt  cm-2  were  also  recorded.  All  experiments  were  carried  out  at 
25  °C  in  a  thermostatic  bath.  In  all  figures,  the  potentials  were  con¬ 
verted  to  values  versus  the  reversible  hydrogen  electrode  (RHE).  EIS 
measurements  were  performed  under  open  circuit  potential  between 
100  kHz  and  0.1  Hz  with  an  excitation  signal  of  5  mV.  To  analyse  their 
impedance  parameters,  the  impedance  spectra  were  fitted  by  the 
Zsimpwin  program. 

2.4.  Physical  characterizations 

X-ray  photoelectron  spectroscopy  (XPS)  measurements  were 
carried  out  on  a  Kratos  XSAM-800  spectrometer  with  an  Mg  Ka 


radiation  source.  The  binding  energy  was  calibrated  by  placing  the 
principal  C  Is  peak  at  284.6  eV.  X-ray  diffraction  (XRD)  measure¬ 
ments  were  performed  with  a  PW1700  diffractometer  (Philips  Co.) 
using  a  Cu  Ka  (A  =  1.5405  A)  radiation  source.  Transmission  electron 
microscope  (TEM)  images  were  obtained  with  Philips  TECNAI  G2  at 
200  kV.  SEM  (scanning  electron  microscope),  Energy-dispersive  X- 
ray  spectroscopy  (EDX)  and  electron  backscatter  diffraction  (EBSD) 
images  were  taken  on  LEO  1525  FE-SEM  scanning  electron 
microscope. 

3.  Results  and  discussion 

3 A.  Catalyst  morphologies 

Fig.  1  shows  the  typical  SEM  images  of  obtained  PANI-1,  PANI-2, 
PANI-3  nanofibers  and  their  corresponding  final  NPMCs  with  an 
initial  Fe  content  of  1.0  wt.%.  PANI-1  and  PANI-2,  as  prepared  with 
PTSA  and  HC1  as  the  doping  acid,  respectively,  and  the  molar  ratio  of 
aniline  to  APS  of  1:1.25,  had  similar  diameters  ( ca .  170  nm)  but 
different  lengths  of  about  2  pm  for  PANI-1  and  about  1  pm  for  PANI- 
2.  As  to  PANI-3,  which  was  prepared  with  HC1  as  the  doping  acid  but 
with  a  high  aniline  to  APS  molar  ratio  of  4:1,  the  polymer  was  also 
in  a  nanofiber  shape  with  a  similar  length  of  about  1  pm  but  a  much 
smaller  diameter  (ca.  90  nm).  It  seems  that  the  doping  acid  would 
affect  the  length  of  prepared  PANI  nanofibers  while  the  molar  ratio 
of  aniline  to  APS  would  affect  the  diameter  of  them. 

For  catalysts  prepared  from  these  three  kinds  of  polymers,  the 
nanofiber  shapes  of  the  used  PANI  precursors  were  well  preserved, 
though  with  shrinkages  to  some  extent,  leading  to  nanowarm-like 
particles.  Catalysts  prepared  from  PANI-1  and  PANI-2  possessed 
similar  diameters  of  ca.  100-120  nm  while  the  PANI-3-based 
catalyst  presented  a  correspondingly  smaller  diameter  (ca. 
70  nm).  In  cases  of  other  catalysts  prepared  with  different  initial 
contents  of  Fe,  similar  phenomena  were  observed  (not  shown 
here).  Recently  Wu  et  al.  [7,16]  reported  that,  when  the  PANI  was  in- 
situ  polymerized  and  deposited  onto  carbon  black  supports,  the 
initial  morphology  of  PANI,  which  was  similar  to  that  in  the  present 
study,  gradually  disappeared  and  spherical  particles  were  formed 
as  the  heat- treatment  temperature  was  increased  to  600  °C.  In  the 


Fig.  1.  SEM  images  of  PANI  nanofibers:  (A)  PANI-1,  (B)  PANI-2,  (C)  PANI-3  and  the  corresponding  final  catalysts  with  initial  Fe  content  of  1.0  wt.%:  (a)  1.0Fe-PANI-l-L,  (b)  l.OFe- 
PANI-2-L,  (c)  l.OFe— PANI-3  L. 
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present  study,  without  carbon  supports  in  the  precursors,  the  ob¬ 
tained  catalysts  preserved  the  initial  morphology  of  PANI  precur¬ 
sors,  which  suggested  the  significance  of  the  carbon  supports 
during  the  carbonization  process  of  PANI.  Carbon  supports  might  be 
involved  in  the  process  of  the  polymer  condensation  during  the 
heat-treatment,  which  led  to  deposition  of  the  CNX  composites  on 
their  surface  in  irregular  shapes.  In  the  absence  of  carbon  supports 
as  in  the  present  work,  the  carbonization  of  PANI/Fe  complex  alone 
would  lead  to  the  formation  of  CNX  composites  with  the  preserved 
morphology  of  the  initial  PANI  precursors.  The  evolution  mecha¬ 
nism  of  the  PANI  nanofiber  morphology  during  the  pyrolysis  is  not 
clear  thus  far,  however,  Trchova  et  al.  [33]  have  proposed  that  the 
cross-linking  reaction  and  nitrogen  atoms  in  the  polymer  played 
important  roles  in  stabilization  of  supramolecular  structure  during 
the  pyrolysis. 

This  interesting  phenomenon  provides  an  approach  to  prepa¬ 
ration  of  the  self-supported  NPMCs  by  employing  nano-structured 
precursors.  It  is  well  known  that  PANI  and  PPy  can  be  synthesized 
with  a  variety  of  nanostructures  e.g.,  in  forms  of  nanoparticles, 
nanofibers,  nanotubes,  and  nano/microspheres,  etc.  [34-37].  In  this 
way,  a  large  variety  of  self-supported  NPMCs  with  tailored  nano¬ 
structures  and  desired  specific  surface  area,  pore  sizes  could  be 
prepared.  Further  exploration  of  this  approach,  such  as  employing 
PANI  nanospheres  and  nanotubes  in  the  synthesis,  is  under  way.  In 
the  following  sections,  however,  the  electrochemical  and  physical 
characterizations  were  made  based  on  catalysts  prepared  from  the 
PANI-2  polymer. 


3.2.  Electrochemical  characterizations 

Electrochemical  evaluation  was  made  for  a  series  ofXFe— PANI-L 
catalysts  with  different  initial  Fe  contents.  Fig.  2  shows  the  ORR 
polarization  curves  in  the  low  over-potential  region  for  the 
prepared  catalysts  as  well  as  the  commercial  Pt/C  catalyst.  Fig.  3 
presents  the  RDE  current-potential  curves  for  the  best  catalyst 
(3.0Fe-PANI-L)  among  this  series  of  catalysts  at  various  rotating 
rates.  The  onset  potential  of  3.0Fe-PANI-L  for  the  ORR  was  found  to 
at  0.905  V  vs.  RFIE,  which  was  about  0.1  V  lower  than  that  of  the 
commercial  Pt/C  catalyst  (1.05  V  vs.  RFIE).  This  value  was  close  to 
that  of  the  best  PANI-based  catalysts  reported  in  literature  [16].  The 
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Fig.  2.  ORR  polarization  curves  for  different  catalysts  in  the  low  over-potential  region: 
(a)  OFe-PANI,  (b)  0.3Fe-PANI-L,  (c)  0.5Fe-PANI-L,  (d)  l.OFe-PANI-L,  (e)  3.0Fe-PANI-L, 
(f)  5.0Fe-PANI-L  (g)  lO.OFe-PANI-L  and  (h)  Pt/C  in  02  saturated  solution  of  pH  1  at 
1000  rpm.  Scan  rate:  10  mV  s_1.  Electrolyte:  H2S04  for  NPMCs  and  HC104  for  Pt/C. 
Catalyst  loading:  0.6  mg  cm-2  for  NPMCs  and  40  pgPt  cm-2  for  Pt/C. 


ORR  activities  were  further  investigated  using  the  Koutecky-Levich 
equations  [38]: 

11111 

J  ~Jl  +Jk  ~  BOJ 1/2  +/k  1  J 

B  =  0.62  nFC0(D0)2/3v-'s  (2) 

where  J  is  the  measured  current  density,  Ji<  is  the  kinetic  current 
density JL  is  the  diffusion-limited  current  density,  oj  is  the  electrode 
rotation  rate,  F  is  the  Faraday  constant  (96485  C  mol-1),  Co  is  the 
bulk  concentration  of  O2  (1.3  x  10-3  mol  L-1),  Do  is  the  diffusion 
coefficient  of  O2  (1.9  x  10  5  cm2  s-1)  and  v  is  the  kinetic  viscosity  of 
the  electrolyte  (1.0  x  10-2  cm2  s-1)  [22].  The  inset  of  Fig.  3  shows 
the  Koutecky-Levich  plots  for  the  ORR  on  3.0Fe— PANI-L.  The  slopes 
remain  approximately  constant  over  the  potential  range  from  0.1  to 
0.5  V,  which  suggests  that  the  electron  transfer  numbers  for  the 
ORR  at  different  potentials  are  similar.  In  cases  of  other  catalysts, 
similar  phenomena  were  observed  (not  shown  here).  The  electron 
transfer  number  (n)  for  3Fe— PANI-L  derived  from  the  slope  was  ca. 
3.99,  which  was  similar  to  that  of  the  commercial  Pt  catalyst  {ca. 
3.95).  Similarly  Wu  et  al.  [13]  reported  a  nearly  four-electron  ORR 
pathway  for  the  best  PANI-based  catalysts.  In  summary,  the  high 
onset  potential  and  near  four-electron  transfer  number  of  3.0Fe- 
PANI-L  reflected  the  high  intrinsic  activity  and  selectivity  of  the 
prepared  catalyst,  which  testified  that  this  approach  could  preserve 
the  active  site  structures  as  those  catalysts  prepared  employing  the 
in-situ  polymerized  PANI  and  carbon  supports.  It  should  be  noted 
here,  however,  that  all  the  six  catalysts  exhibited  low  limiting 
current  densities  and  half-wave  potentials  as  compared  with  the 
literature  [7],  apparently  due  to  the  poor  mass  transportation  on 
the  catalysts.  This  was  not  surprising  as  the  catalysts  were  in 
a  worm-like  shape  with  a  diameter  of  about  100  nm.  It  is  antici¬ 
pated  that  NPMCs  with  better  mass  transport  behaviours  might  be 
obtained  by  employing  PANI  nanotubes,  nanospheres,  or  other  3-D 
nanostructures  as  the  precursor.  It  is  interesting  to  notice  that 
a  kind  of  urchin-like  hollow  PANI  spheres  have  been  recently  re¬ 
ported  to  be  able  to  maintain  their  morphology  after  a  heat- 
treatment  at  1200  °C  [23]. 

Efforts  were  made  to  investigate  the  promotional  effects  of  the 
ferrous  species  on  the  ORR  activity  for  the  prepared  catalysts  from 
different  initial  Fe  contents  in  the  precursors.  The  mass  specific 


Fig.  3.  ORR  polarization  curves  for  3.0Fe-PANI-L  at  different  rotation  rates.  The  inset 
shows  the  Koutecky-Levich  plots  of  3.0Fe-PANI-L  at  a  potential  range  of  0.1  -0.5  V  and 
the  commercial  Pt/C  catalyst  at  0.35  V. 
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activities  at  0.8  V  (/k)  derived  from  Tafel  plots  (not  shown  here)  and 
the  onset  ORR  potentials  for  the  series  of  catalysts  are  compared,  as 
shown  in  Fig.  4.  It  is  clear  from  this  figure  that  as  the  initial  Fe 
content  was  increased  from  0  to  3.0  wt.%,  the  Jk  was  steadily 
increasing.  Further  addition  of  the  metal  to  10.0  wt.%,  however, 
resulted  in  a  decrease  in  the  catalytic  activity.  Besides,  it  is  of  special 
interest  to  note  that  the  OFe-PANI  catalyst,  as  prepared  without 
any  transition  metal  added  in  the  synthesis  process,  showed 
a  noticeable  catalytic  activity  towards  ORR.  Further  addition  of  the 
Fe  species  in  the  precursor  dramatically  improved  the  activity  of 
the  catalyst  towards  ORR.  Similar  trend  was  observed  for  the  onset 
ORR  potential,  the  variation  of  which  is  believed  to  be  attributable 
to  the  nature,  rather  than  the  number,  of  the  catalytically  active 
sites. 

Fig.  5  presents  the  cyclic  voltammograms  (CVs)  recorded  in  N2 
saturated  FI2S04  solution  at  a  scan  rate  of  10  mV  s-1.  The  potential 
window  between  0.4  and  0.8  V  is  an  indicator  of  capacitive  current 
depending  on  the  electrochemically  accessible  area  [39].  A  pair  of 
well-identified  redox  peaks  at  ca.  0.64  V  and  0.61  V  were  observed, 
the  height  of  which  had  an  obvious  dependence  on  the  initial  Fe 
content,  especially  from  0  to  1.0  wt.%.  Considering  the  high  oxygen 
surface  content  of  these  catalysts  (especially  OFe-PANI  as  to  be 
seen  from  the  XPS  results  below),  the  pair  of  peaks  did  not  seem  to 
be  mainly  derived  from  quinone— hydroquinone  groups  on  the 
catalyst  surface.  As  pointed  out  in  literature,  this  pair  of  peaks  could 
be  originated  from  surface  confined  iron  oxide  (FeOx)  particles  in 
the  final  catalyst  [40,41].  Considering  the  similar  elemental 
composition  of  the  samples  and  that  these  peaks  were  not  observed 
in  the  present  work  for  the  catalysts  prepared  with  no  or  low 
contents  of  Fe  in  the  precursors,  it  was  speculated  that  the  origin  of 
them  was  most  likely  from  the  surface  confined  FeOx  species  in  the 
final  catalysts.  No  defined  FeOx  characteristic  peaks  in  the  XRD 
analysis  (as  seen  below)  were,  however,  observed,  likely  due  to  the 
very  low  concentration  and/or  poor  crystallinity  of  the  FeOx  species. 
Anyhow,  these  metal  oxide  species  possessed  little  ORR  activity 
[40]  and  are  considered  irrelevant  in  the  following  discussion. 

The  EIS  was  also  recorded  to  study  charge-transfer  rates  on  these 
catalysts,  which  also  were  of  importance  for  the  ORR  process.  Fig.  6 
shows  the  Nyquist  plots  for  these  catalysts  at  the  open  circuit 
potential,  which  displayed  similar  characteristics  corresponding  to 
reflective  finite  diffusive  systems.  At  very  high  frequencies,  the 


Fig.  4.  (a)  Kinetic  current  densities  at  0.8  V  derived  from  Tafei  graphs  and  (b)  onset 
ORR  potentials  for  the  catalysts  depicted  in  Fig.  2. 


Fig.  5.  Cyclic  voltammograms  of  OFe-PANI,  0.3Fe-PANI-L,  0.5Fe-PANI-L,  l.OFe-PANI- 
L,  3.0Fe— PANI-L,  5.0Fe-PANI-L  and  lO.OFe-PANI-L  in  N2-saturated  pH  1  H2S04  solu¬ 
tion  with  a  sweep  rate  of  10  mV  s-1.  Catalyst  loading:  0.6  mg  cm-2. 

system  behaved  like  a  pure  resistance  while  at  low  frequencies  it  was 
analogous  to  a  pure  capacitance.  In  the  middle  frequency  domain, 
the  influence  of  the  electrode  porosity  is  significant.  Thus,  an 
equivalent  circuit  was  employed  to  represent  the  impedance 
behaviours  of  this  kind  of  system,  as  shown  in  the  inset  of  Fig.  6. 
According  to  the  simulated  parameters  listed  in  Table  1,  the  catalyst 
film  resistances  (Rf,  containing  the  solution  resistance)  were  similar 
for  all  the  catalysts.  It  seems  that  the  Fe  species  did  not  affect  the  bulk 
electronic  conductivity  of  the  final  catalysts.  However,  the  charge- 
transfer  resistance  (Rc t)  of  lOFe— PANI-L  was  obviously  larger  than 
that  of  other  samples,  which  revealed  the  slower  charge-transfer 
rates  at  the  interface  between  of  the  catalyst  and  the  electrolyte. 
This  could  be  part  of  the  reason  for  its  lower  ORR  activity. 

The  stability  of  the  polyaniline  based  catalysts  has  been  a  critical 
concern.  Wu  et  al.  performed  a  700-h  fuel-cell  performance  test  at 
a  constant  cell  voltage  of  0.4  V  with  PANI-based  catalysts,  showing 
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Fig.  6.  Nyquist  plots  of  EIS  of  OFe-PANI,  0.5Fe-PANI-L,  l.OFe-PANI-L,  3.0Fe-PANI-L, 
5.0Fe-PANI-L  and  lO.OFe-PANI-L  recorded  in  N2  saturated  pH  1  H2S04  solution  at  the 
open  circuit  potential.  The  inset  is  the  equivalent  circuit  used  for  fitting  the  experi¬ 
mental  data:  Qc,  constant  phase  element  related  to  the  capacitance  at  the  contact 
interface  between  glassy  carbon  and  catalyst  film;  Rf,  catalyst  film  resistance  (incor¬ 
porating  the  solution  resistance):  W,  Warburg  impedance;  Rct,  charge  transfer  resis¬ 
tance:  Qdi,  constant  phase  element  related  to  double  layer  capacitance:  Qf,  constant 
phase  element  related  to  carbon  film  capacitance.  The  solid  lines  show  the  fitted 
curves. 
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Table  1 

The  best  fitting  values  of  equivalent  circuit  elements  from  Fig.  6 


Sample 

0c  x  io7/cr’ 

s"1  cm-2 

Hi 

Rf/Q  cm2 

W/Q,  cm  2  s0-5 

RctIQ  cm2 

Qdl  x  lO^CT1 
sn2  cm"2 

n2 

Qf  x  10 ^/cr1 
sn3  cm"2 

n3 

OFe-PANI 

4.38 

0.911 

3.010 

0.1475 

0.920 

0.22 

0.916 

3.575 

0.941 

0.5Fe— PANI-L 

2.68 

0.949 

3.024 

0.3618 

0.727 

0.95 

0.747 

3.500 

0.974 

l.OFe— PANI-L 

3.09 

0.939 

3.078 

0.2687 

1.298 

0.86 

0.706 

2.892 

0.974 

3.0Fe— PANI-L 

1.81 

0.997 

2.593 

0.1896 

0.499 

1.10 

0.721 

2.726 

0.950 

5.0Fe— PANI-L 

3.99 

0.921 

3.162 

0.1853 

1.453 

0.82 

0.673 

3.622 

0.974 

lO.OFe— PANI-L 

2.59 

0.954 

3.070 

0.0904 

6.591 

1.50 

0.587 

3.661 

1.0 

good  durability  at  the  fuel  cell  cathode  [16].  The  catalyst  stability 
was  also  investigated  in  this  work  using  chronoamperometry  (at 
0.734  V)  in  the  O2  bubbled  H2S04  electrolyte  (data  not  shown  here). 
After  2  h,  about  63%  of  the  initial  current  remained  for  the  3.0Fe— 
PANI-L  electrode  while  73%  for  the  Pt/C  electrode.  This  prelimi¬ 
nary  result  indicated  the  promising  stability  of  this  kind  of  cata¬ 
lysts.  Evaluation  of  the  long-term  stability  should  be  the  subject  of 
further  study  of  this  type  of  catalysts,  preferably  considering  the 
formation  of  hydrogen  peroxide  intermediates. 

3.3.  EBSD  and  TEM 

Considering  the  notable  contrast  difference  between  Fe  and  C,  N 
and  possible  detriment  of  magnetic  Fe  species  to  the  TEM  instru¬ 
ment,  EBSD  may  be  a  better  technique  to  detect  the  metallic 
particles  in  carbon  substrates  on  a  large  scale.  Fig.  7  shows  the  EBSD 
images  of  3Fe-PANI,  3Fe-PANI-L  and  5Fe-PANI-L.  As  shown  in 
Fig.  7a,  the  sparse  Fe-containing  nanoparticles  (white  points  in  the 
figure)  with  a  diameter  of  ca.  300  nm  were  deposited  on  the  surface 
of  the  3Fe-PANI  catalyst.  After  the  acid  leaching  treatment,  Fig.  7b 
shows  no  visible  Fe-containing  nanoparticles  either  on  a  2  pm  or 
500  nm  scale.  For  5Fe-PANI-L,  however,  some  tiny  Fe-containing 
particles  could  be  detected.  The  representative  TEM  image  for  the 
leached  3Fe-PANI-L  is  shown  in  Fig.  7d,  where  no  ordered  struc¬ 
ture  is  observed  in  the  leached  sample  consisting  primarily  of 
amorphous  carbon.  These  results  indicated  that  the  Fe-containing 


particles  encapsulated  in  the  carbon  matrix  should  not  be  the 
origin  of  the  high  ORR  activity  of  3Fe-PANI-L.  Besides,  the  TEM 
images  herein  were  slightly  different  from  those  of  previous  reports 
[7],  in  which  many  metal-containing  particles  were  detected.  It 
might  originate  from  the  different  synthesis  procedures  used. 

3.4.  XPS  analysis 

To  get  a  full  understanding  of  the  surface  composition  of  the 
prepared  catalysts,  XPS  measurements  were  carried  out.  N  1  s  and  O 
Is  spectra  for  selected  samples  are  compared  in  Fig.  8.  Detailed 
information  about  the  molecular  structure  scheme  of  heterocyclic 
N  compounds  has  been  described  in  previous  reports  [32,42].  In 
this  work,  all  spectra  of  N  1  s  were  fitted  well  with  four  peaks  that 
are  known  to  originate  from  pyridinic  (Nl,  at  ca.  398.33  eV),  pyrrolic 
(N2,  at  ca.  399.8  eV),  quaternary  (N3,  at  ca.  401  eV)  and  oxidized 
type  of  (N4,  at  ca.  402.3  eV)  nitrogen.  The  deconvolution  results  are 
listed  in  Table  2.  For  samples  from  0.5Fe— PANI-L  to  5Fe-PANI-L,  the 
N  surface  contents  were  found  to  be  in  a  narrow  range  from  ca.  3.0 
to  3.5  at.%.  No  clear  correlation  could  be  found  between  the  surface 
nitrogen  content  and  catalytic  activities  of  these  catalysts.  The  total 
nitrogen  content  of  3.0  at.%  seems  to  be  enough  for  the  formation  of 
the  active  sites  in  all  the  six  catalysts,  which  does  not  seem  to  be  the 
limiting  factor.  For  the  3Fe-PANI-L  catalyst  which  exhibited  the 
best  ORR  activity,  the  N  contents  of  pyridinic  and  pyrrolic  origin 
were  relatively  higher  than  those  of  other  catalysts. 


Fig.  7.  EBSD  images  of  (a)  3.0Fe-PANI,  (b)  3.0Fe-PANI-L,  (c)  5.0Fe-PANI-L  and  HRTEM  image  of  (d)  3.0Fe-PANI-L. 
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Fig.  8.  XPS  spectra  of  (a)  N  Is  and  (b)  0  Is  core-level  for  OFe-PANI,  0.5Fe-PANI-L, 
l.OFe— PANI-L,  3.0Fe-PANI-L  and  5.0Fe-PANI-L. 

The  Ols  XPS  spectra  for  the  five  samples  are  also  presented  in 
Fig.  8.  The  spectra  could  be  deconvoluted  into  three  components: 
01  (at  ca.  530.6  eV),  02  (at  ca.  531.9  eV)  and  03  (at  ca.  533.2  eV).  The 
01  was  assigned  to  the  S— 0  (sulphate  species)  groups,  02  to  the  C— 
OH  and/or  C-O-C  groups  and  03  to  the  C=0  groups  [43,44].  For 
the  spectrum  of  the  OFe-PANI,  only  02  and  03  components  were 
identified  while  all  these  three  components  were  involved  in  other 
samples.  In  view  of  the  differences  in  the  preparation  and  other 
results  in  literature  [44],  the  01  component  should  be  brought 
during  the  acid  leaching  process.  All  fitted  deconvolution  results 
are  collected  in  Table  2.  It  is  interesting  to  note  that  the  content  of 
C=0  group  for  the  OFe-PANI  was  superior  to  that  of  other  samples. 
This  might  suggest  that  the  surface  of  the  OFe-PANI  was  suscep¬ 
tible  to  oxidation  without  Fe  species  on  the  surface.  In  addition,  as 
depicted  in  Table  2,  the  nitrogen  surface  content  of  OFe-PANI  was 
lower  than  that  of  others,  indicating  a  fact  that  the  formation  of  C= 
O  groups  on  the  catalyst  surface  might  lead  to  reduction  of  the 
nitrogen  surface  content  remarkably.  This,  however,  may  not 
necessarily  affect  the  bulk  nitrogen  content  (Table  2).  It  seems  that 
oxygen  tends  to  interact  with  carbon  to  form  C=0  groups,  which 
would  prevent  the  doped  nitrogen  on  the  surface  of  catalysts. 
Further  investigations  are  needed  to  clarify  this  issue.  Concerning 
the  relation  between  the  near-surface  oxygen  content  and  the  ORR 
activity,  it  should  be  remarked  that  oxygen  was  not  assumed  to  be 
part  of  active  sites  [2,45].  Alternatively,  the  surface  incorporated 
oxygen  might  affect  the  doping  of  nitrogen  into  the  carbon  struc¬ 
ture  and  in  turn  play  a  role  in  the  catalytic  activity. 

With  regard  to  the  Fe  surface  content,  only  a  small  amount  of  Fe 
was  detected  on  the  3Fe-PANI-L  sample  (ca.  0.1  at.%)  while  the 
signals  of  Fe  species  were  buried  in  the  background  for  the  other 
samples  (Fig.  9).  This  indicated  that  the  metal  on  the  surface  was 


Fig.  9.  XPS  spectra  in  the  Fe  2p  region  for  0.5Fe-PANI-L,  l.OFe-PANI-L,  3.0Fe-PANI-L 
and  5.0Fe— PANI-L. 

nearly  completely  leached  out  during  the  acid  treatment  and  that 
a  higher  Fe  content  in  the  precursor  might  not  necessarily  lead  to 
higher  Fe  surface  content  on  the  final  catalyst.  No  efforts  were 
hence  made  to  correlate  the  actual  Fe  surface  content  and  the  ORR 
activity  in  the  final  catalysts. 

3.5.  XRD 

Fig.  10  shows  the  XRD  patterns  of  the  XFe-PANI  (X  =  0, 1, 3,  5, 10) 
and  XFe-PANI-L  (X  =  1, 3, 5, 10)  samples.  In  these  spectra,  the  strong 
peak  around  26  =  26.4°  and  weaker  peak  around  26  =  44.5°  were 
assumed  to  correspond  to  the  (002)  and  (100)  diffractions  in  the 
graphitic  structure  while  the  broad  peaks  were  attributed  to  the 
amorphous  and  graphitic  carbon.  The  XRD  pattern  for  lOFe— PANI 
showed  the  characteristic  diffraction  peaks  that  could  be  assigned 
to  a  mixture  of  Fe3C  (JCPDS  35-0772),  a  small  amount  of  FexS  (e.g., 
JCPDS  76-0962)  and  ocFe  (JCPDS  06-0696).  In  cases  of  XFe-PANI 
(X  =  1,  3,  5)  catalysts  only  a  small  amount  of  FexS  and  ocFe  aggre¬ 
gates  were  detected.  No  FexO  crystallines  were  detectable  in  all 
samples,  for  which  the  possible  reason  had  been  discussed  before. 
After  being  leached,  only  a  small  amount  of  FexS  (probably  with  traces 
of  aFe)  was  detected  in  lOFe-PANI-L,  while  no  crystalline  structure  of 
Fe-containing  phases  were  found  in  other  samples.  From  the  EDX 
spectra  of  PANI-2  (not  shown  here),  a  small  amount  of  sulphur  (ca. 
2.94  at.%)  is  recognized.  Any  sulfide  compounds  might  exhibit 
a  higher  reactivity  than  that  of  hydrocarbons  because  of  their  higher 
electronegativity  and  consequently  they  could  easily  react  with  FeCl3 
or  its  pyrolytic  products  to  form  FexS  compounds.  The  compounds 
might  eventually  be  transformed  into  a-Fe  when  further  heat-treated 
at  high  temperature  [46].  As  a  result,  FexS  and  aFe  were  first  formed  in 
the  XFe-PANI  (X  =  1,  3)  samples.  When  the  quantity  of  the  added 


Table  2 

Surface  atomic  concentrations  of  N,  0,  Fe,  different  nitrogen  and  oxygen  groups  in  selected  catalysts  calculated  from  XPS  results,  and  N  bulk  content  determined  by  EDX. 


Sample 

N  content 
(at.%) 

N  bulk 

content  (at.%) 

N1  (at.%) 

N2  (at.%) 

N3  (at.%) 

N4  (at.%) 

0  content 
(at.%) 

01  (%) 

02  (%) 

03  (%) 

Fe  content 
(at.%) 

OFe-PANI 

1.02 

5.3 

0.27 

0.19 

0.47 

0.08 

12.4 

53.9 

47.1 

NAb 

BDC 

0.5Fe— PANI-L 

3.49 

_ a 

0.76 

0.61 

1.52 

0.60 

10.53 

25.5 

57.6 

16.9 

BD 

l.OFe-PANI-L 

2.95 

4.8 

0.73 

0.52 

1.33 

0.37 

13.13 

37.4 

50.8 

11.8 

BD 

3.0Fe— PANI-L 

3.54 

4.8 

0.93 

0.77 

1.37 

0.47 

10.84 

28.0 

48.0 

24.0 

0.1 

5.0Fe— PANI-L 

3.43 

3.9 

0.84 

0.55 

1.60 

0.44 

11.14 

33.2 

50.8 

16.0 

BD 

The  EDX  experiment  was  not  performed  for  the  0.5Fe— PANI-L. 

03  component  was  not  involved  in  the  fitted  spectrum  for  the  OFe— PANI. 
Fe  surface  contents  were  below  the  detection  threshold  for  these  samples. 
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Fig.  10.  XRD  patterns  for  OFe-PANI,  l.OFe-PANI,  3.0Fe-PANI,  5.0Fe-PANI,  lO.OFe- 
PANI  and  l.OFe-PANI-L,  3.0Fe-PANI-L,  5.0Fe-PANI-L,  lO.OFe-PANI-L. 

FeCb  was  more  than  that  needed  for  reaction  with  sulfide  compounds 
such  as  5  and  10  wt.%,  Fe3C  could  be  formed  in  the  co-carbonization 
products,  primarily  on  the  surface  of  samples  as  shown  in  Fig.  10.  In 
the  process  of  the  acid  leaching,  the  Fe3C  would  first  be  removed.  As 
a  result,  a  small  amount  of  FexS  was  detected  in  lOFe-PANI-L. 
Combining  the  CV  results,  possible  FexO  species  might  be  buried  in 
the  carbon  matrix,  which  protected  them  in  the  leaching  process.  In 
view  of  the  low  catalytic  activity  of  the  lOFe-PANI-L  catalyst,  the  FexS 
phase  should  have  little  ORR  activity  but  might  be  responsible  to  the 
large  Rc t  observed,  as  discussed  above. 

4.  Conclusions 

Self-supported,  nanoworm-shaped  non-precious  metal  catalysts 
(NPMCs)  for  the  ORR  were  synthesized  with  pre-prepared  polyani¬ 
line  nanofibers  as  both  nitrogen  and  carbon  precursors.  The  nano¬ 
structures  of  the  PANI  precursor  were  found  to  be  primarily 
preserved  during  the  synthesis  and  the  following  treatments  of 
NPMCs.  This  finding  opens  the  possibility  of  tailoring  structures  of 
prepared  NPMCs  by  employing  nano-structured  precursors.  The 
onset  ORR  potential  of  0.905  V  vs.  RFIE  and  nearly  four-electron 
pathway  of  prepared  catalysts  were  found,  evidencing  the  forma¬ 
tion  of  active  sites  with  high  intrinsic  catalytic  activity.  The  onset 
ORR  potential  and  ORR  activity  were  significantly  improved  as  the 
initial  Fe  content  in  the  precursor  was  increased  from  0  to  3.0  wt.%. 
Further  increase  of  the  Fe  content  in  the  precursor  led  to  a  decrease 
in  the  catalytic  activity,  probably  originating  from  the  non-active 
phase  (eg.  FexS  and  FexO)  remained  after  the  acid  leach  process. 
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